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1
MATRIX-BASED POWER DISTRIBUTION
ARCHITECTURE

BACKGROUND OF THE INVENTION

Embodiments of the invention relate to a power distribu-
tion architecture, and more particularly to a matrix-based DC
power management and distribution architecture to distribute
power to various vehicle systems.

A solid state power controller (SSPC) is used in power
management and distribution systems to replace traditional
electromechanical circuit breakers. Its main functions are to
distribute power and protect various electrical loads. In com-
parison to electromechanical devices, SSPCs provide a rela-
tively fast response time, and may eliminate arcing during
turn-off transient and bouncing during turn-on transient.
SSPCs facilitate advanced protection and diagnostics, allow-
ing for efficient power management and distribution architec-
tures. SSPCs include power semiconductor devices that con-
trol power (voltage and/or current) supplied to a load. SSPCs
perform supervisory and diagnostic functions in order to
identify and prevent overload and short circuit conditions.
Components of SSPCs may include power semiconductor
switching devices, sensors to monitor output voltage and
current and power semiconductor device temperature, and
control circuitry. The control circuitry may include a micro-
controller consisting of an arithmetic logic unit (ALU),
memory, timer/counters, serial port, input/output (I/O) ports,
and clock oscillator. Some SSPCs are programmable by a
computer, user or by any proprietary method.

In the case of a faulty SSPC or power supply, power is
interrupted to the load leading to interruption of one or more
load functions.

BRIEF DESCRIPTION OF THE INVENTION

Embodiments of the present invention include a power
management and distribution (PMAD) system that includes
first and second power supplies, first and second loads and a
matrix of solid state power controllers (SSPCs) connected
between the first and second power supplies and the first and
second loads. The matrix is configured to selectively supply
each of the first and second loads with a plurality of different
power levels based on on/off states of the SSPCs of the
matrix.

Embodiments of the invention further include a power
management and distribution (PMAD) controller of a matrix-
based PMAD system. The PMAD controller includes a sum-
ming amplifier configured to receive as inputs first and second
sensed current signals from first and second solid state power
controllers (SSPCs) of an SSPD matrix between a plurality of
power supplies and a plurality of loads. The PMAD controller
also includes a reference voltage modification circuit config-
ured to receive as an input a summed sensed current signal
from the summing amplifier and to output to first and second
power supplies of the plurality of power supplies first and
second reference voltage modification signals to modify a
voltage output from the first and second power supplies.

Embodiments of the invention further include a method of
controlling a matrix-based power management and distribu-
tion (PMAD) system. The method includes determining a
number of loads among a plurality of loads to receive power
and determining a level of power to be received by the loads
determined to receive the power. The method further includes
controlling a matrix of solid-state power controllers (SSPCs)
connected between a plurality of power supplies and the
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plurality of loads to deliver the determined level of power to
the loads determined to receive the power.

BRIEF DESCRIPTION OF THE DRAWINGS

The subject matter which is regarded as the invention is
particularly pointed out and distinctly claimed in the claims at
the conclusion of the specification. The foregoing and other
features, and advantages of the invention are apparent from
the following detailed description taken in conjunction with
the accompanying drawings in which:

FIG. 1 illustrates a diagram of a matrix-based power man-
agement and distribution architecture according to one
embodiment of the invention;

FIG. 2 illustrates a diagram power-supplying state of a
matrix-based power management and distribution architec-
ture according to an embodiment of the invention;

FIG. 3 is a block diagram of a load sharing architecture
according to one embodiment of the invention;

FIG. 4 is a block diagram of'a power supply and solid state
power controller according to one embodiment of the inven-
tion; and

FIG. 5 is a flowchart of a method for controlling a matrix-
based power management and distribution system according
to an embodiment of the invention.

DETAILED DESCRIPTION OF THE INVENTION

Power management and distribution systems including a
plurality of power supplies, loads, and solid state power con-
trollers are subject to failures. Required fault tolerance for
critical loads may result in additional redundant power sup-
plies, power busses and SSPCs to supply power to the critical
loads. In addition, to accommodate variable load demands,
for example during overload condition, the SSPCs and power
supplies are selected to be relatively large to be able to accom-
modate large levels of power. Embodiments of the invention
relate to a matrix-based power management and distribution
architecture that may address one or more of these or other
problems.

FIG. 1 illustrates a matrix-based power management and
distribution system 100 according to an embodiment of the
invention. The system 100 includes a plurality of dc-dc con-
verters (power supplies) 110, that are powered by the input dc
power bus (V ,.), loads 120 that receive power from the power
supplies 110 via a matrix 130 of'solid state power controllers
(SSPC) that are controlled to form paths for power between
the power supplies 110 and the loads 120. A power manage-
ment and distribution (PMAD) controller 140 controls the
SSPCs of the matrix 130 to generate the current paths
between the power supplies 110 and the loads 120.

The system 100 includes power supply communication
signals 150 between the PMAD controller 140 and the power
supplies 110 by which the PMAD controller 140 receives
information regarding the status of the power supplies 110
and the PMAD controller 140 controls the power output by
the power supplies 110 based on the availability of power
sources and load demands. The system 110 further includes
SSPC matrix communication signals 160 by which the
SSPCs of the SSPC matrix 130 communicate information to
the PMAD controller 140 regarding power output to the loads
120 and the PMAD controller 140 controls the on/off states of
switches in the SSPCs of the SSPC matrix 130.

FIG. 1 illustrates power supplies 110a to 1107, where the
power supply 110a represents a first power supply and the
power supply 110% represents a last power supply among a
plurality of power supplies. In other words, while two power
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supplies 110a and 1107 are illustrated for purposes of
description, any number of power supplies 110 may exist in
the system 100, such as three, four, ten, etc. Each power
supply receives as aninput power from dec bus V ;, and outputs
areduced or increased power level to the SSPC matrix 130. In
some embodiments, each power supply 110a to 110z is con-
figured to output substantially the same power level to the
SSPC matrix 130. However, in embodiments of the invention,
the power outputs of each power supply 1104 to 110z may be
adjusted based on power characteristics detected in the power
supplies 110a to 1107 and in the SSPCs of the SSPC matrix
130. In embodiments of the invention, the power supplies 110
may be DC to DC converters configured to convert an input
DC voltage, InputV ,_, to alower or higher output DC voltage.
However, embodiments of the invention encompass any type
of power supply.

FIG. 1 further illustrates three loads 121, 122 and 123.
However, any number of loads may exist in the system 100.
The loads 121, 122 and 123 may correspond to electronic
circuitry that require power, other electrical or electrome-
chanical devices, batteries that may be charged, or any other
devices capable of consuming power. In addition, FIG. 1
illustrates first, second and third SSPC stages 131, 132 and
133, each made up of a plurality of SSPCs 131a to 1317, 1324
to 132» and 133a to 133xn. However, embodiments of the
invention encompass any number of SSPC stages and any
number of SSPCs per stage. For purposes of description, an
SSPC stage corresponds to a series of SSPCs having power
outputs connected to a same load 120 and each SSPC in each
stage has a power input connected to a separate power supply
110.

In embodiments ofthe invention, the PMAD controller 140
is configured to determine a number of loads 120 that are to
receive power. The number of loads 120 to receive power may
be provided by a user, by a computer program, by a device or
system connected to the PMAD controller 140 or by any other
method. The PMAD controller 140 further determines a
power level to be supplied to each load 120 that is to receive
power.

Based on the determinations of which loads 120 are to
receive power, and the power levels to be delivered to each
load, the PMAD controller 140 controls the SSPCs of the
SSPC matrix 130 to deliver the desired power to the loads
120. For example, if it is determined that only load 122 is to
receive power and that the level of power corresponds to the
output from two power supplies 110, then the PMAD con-
troller 140 may control the SSPCs 1324 and 132# to turn on
to supply power from the power supplies 110a and 1107 to the
load 122 and to utilize load sharing control, as discussed
below. On the other hand, if itis determined that each of loads
121, 122 and 123 is to receive power, and that load 121 is to
receive power corresponding to the output from one power
supply 110 and loads 123 are to receive power corresponding
to half of the output from a power supply 110, then the PMAD
controller 140 may turn on SSPC 1317 to supply power from
power supply 1107 to the load 121, and the PMAD controller
140 may turn on SSPCs 1324 and 1334 to divide the current
output from the power supply 110a between the loads 122 and
123.

In addition, during single load overload condition, the sys-
tem may be re-configured to disconnect power from non-
critical load and provide additional power to the load that
experiences overload. A load sharing control is activated dur-
ing this event to ensure equal load sharing between the power
sources. After the overload condition clears, the system is
re-configured back to the default condition that existed prior
to the overload condition.
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In addition, embodiments of the present invention encom-
pass bi-directional SSPCs that allow current to flow from an
input-to-output direction or from an output-to-input direction
according to a desired power output level. The bi-directional
SSPC may also include a bi-directional current interruption.
In the present specification, the term “power input” as it
relates to the SSPCs of the SSPC matrix 130 refers to the end
of the SSPCs connected to the power line output from the
power supplies 110. Conversely, the term “power output™ as it
relates to the SSPCs of the SSPC matrix 130 refers to the end
of the SSPCs connected to the line input to the loads 120.
However, as discussed above, in embodiments of the inven-
tion, current may be controlled to flow bi-directionally
through the SSPCs. FIG. 2 illustrates an example of bi-direc-
tional current flow to supply power to aload 120 when a faulty
SSPC is detected.

Referring to FIG. 2, four power supplies 110a, 1105, 110c
and 1104 are provided. In addition, the first stage of SSPCs
131 includes SSPCs 131a to 1314 and the second stage of
SSPCs 132 includes SSPCs 1324 to 132d. The PMAD con-
troller 140 may determine that the load 122 is to receive
power output from all four power supplies 110a to 1104.
However, SSPC 1325 may be a faulty SSPC that does not
permit current to flow through the SSPC 13254. Accordingly,
the PMAD controller 140 may control SSPCs 132a, 132c¢,
132d, 131¢ and 131a to turn on, or to close switches in the
SSPCs 1324, 132¢, 132d, 131¢ and 1314, to permit power to
be supplied from the power supplies 110a to 1104 to the load
122. In particular, in the configuration illustrated in FIG. 2,
current flows from the power supply 110a through SSPC
132a to the load 122. In addition, current flows from the
power supply 1105, through the SSPC 1315, through the
SSPC 131c¢ (in an output-to-input direction), through the
SSPC 132c¢ to the load 122. Similarly, the current flows from
the power supply 110¢ through the SSPC 132¢ to the load
122. Finally, current flows from the power supply 110d
through the SSPC 132d to the load 122. Accordingly, in
embodiments of the present invention, the SSPC matrix 130
permits power to be supplied to a load 120 even when a fault
occurs in one or more SSPC devices.

FIG. 3 illustrates a load sharing architecture 200 according
to an embodiment of the invention. The load sharing archi-
tecture 200 is embodied in one or more semiconductor cir-
cuits and may include one or more processors, arithmetic
logic units, registers, memory, filter circuitry, etc. The archi-
tecture 200 may include or comprise software executed by a
processor to receive signals as inputs, analyze combine the
signals, and output adjusted signals to control devices such as
power supplies and SSPCs. The architecture 200 includes a
PMAD controller 240, power supplies 210a to 210z, and
solid state power controllers (SSPCs) 231a to 231# connected
to a load 220. The PMAD controller 240 corresponds to the
PMAD controller 140 of FIG. 1, the power supplies 210a to
2107 correspond to the power supplies 110 of FIG. 1, the
SSPCs 231a to 231 correspond to the SSPC matrix 130 of
FIG. 1, and the load 220 corresponds to the loads 120 of FIG.
1. While only one stage of SSPCs 2314 to 231 is illustrated
in FIG. 3, it is understood that embodiments of the invention
encompass a matrix of SSPCs including multiple stages, each
stage comprising multiple SSPCs connected to different
power supplies and a same load. In addition, while only one
load 220 is illustrated in FIG. 3, it is understood that embodi-
ments of the invention encompass any number of loads 220.
In this case, however, the output current signals from SSPCs
associated with the same power source may be summed
together prior to summing them in the summing amplifier
241, described below.
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The PMAD controller 240 includes a summing amplifier
241 configured to receive as inputs sensor signals 260a to
260n corresponding to power output from the SSPCs 231a to
231z. In one embodiment, the sensor signals are current sen-
sor signals detecting current output from each SSPC 2314 to
231n. A divider 242 divides the summed sensor signal output
from the summing amplifier 241 by a number of power
sources “n” to produce an average current signal.

Current feedback signal comparators 243a to 243z receive
respective SSPCs 231a to 231z output current feedback sig-
nals as well as average current signal at the output of block
242 and compare their difference to produce current difter-
ence signals. The current difference signals are processed by
proportional—integral (PI) blocks 244a to 244n to produce
voltage bias signals. Alternatively, a PI block may be substi-
tuted by a lag function. Voltage bias signals are input to
summing circuits 2454 to 245a, where they are summed with
a predetermined reference voltage V... The result is an
adjusted voltage reference signal that is output to the power
supplies 210a to 210z. In other words, during operation, the
reference voltage V.- controls a power output of the power
supplies 210a to 210z. The PMAD controller 240 adjusts the
power output from the power supplies 210a to 2107 by adjust-
ing the voltage reference signal based on current output levels
detected by the SSPCs 2314 to 231# to achieve load sharing
between power supplies 210a to 2107.

FIG. 4 illustrates a power supply 310 and SSPC 330
according to an embodiment of the invention. The power
supply 310 and SSPC 330 may correspond to the power
supplies 110 and 210 of FIGS. 1 and 3, and the SSPC 330 may
correspond to the SSPCs of the SSPC matrix 330 and the
SSPCs 2304 to 230r of FIG. 3. The power supply 310, which
may be a DC to DC converter, receives as an input the
adjusted reference voltage signal from the PMAD controller
240 and compares it in a voltage feedback signal comparator
311 with a feedback signal of the power output from the
power supply 310.

The power supply 310 may further include a PI circuit 312
and a phase shift controller 313. Although a phase shift con-
troller 313 is provided in FIG. 4 as an example of a DC to DC
converter, embodiments of the present invention encompass
any power converter according to the design considerations of
the power distribution system. A power stage 314 receives as
an input a voltage V ;. The voltage V ;. may be a high voltage
level supplied to each power supply 310, and the high voltage
level may be converted to a low voltage level based on the
output signal from the phase shift controller 313 (or other DC
to DC converter). The voltage V ;. may also be a low voltage
level supplied to each power supply 310 and the low voltage
level may be converted to a high voltage level based on the
output signal from the phase shift controller 313 (or other DC
to DC converter). The resulting power signal is output
through an output filter 315 to the SSPC 330.

The SSPC 330 includes a switch 331, such as a power
semiconductor switch including one or more transistors, and
a sensor 332 to sense current output levels of the SSPC 330.
The SSPC 330 outputs power to a load and outputs sensor
signals to the PMAD controller, which controls SSPC 330
devices to route around faulty circuitry and controls power
supplies 310 to adjust power output levels based on sensed
power characteristics of the SSPC 330.

FIG. 5 illustrates a method of controlling a matrix-based
power management and distribution (PMAD) system accord-
ing to embodiments of the present invention. In block 402, a
number of loads in the PMAD system that are to receive
power is determined. The number of loads to receive power
may be determined by a user, by a control system or program,
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or by any other method. In block 404, the level of power to be
supplied to each of the loads is determined based on load
demand and the availability of power supplies. For example,
it may be determined whether one load is to receive power
corresponding to one power supply or two or more power
supplies, whether multiple loads are to receive power corre-
sponding to one or more power supplies, or any other varia-
tion of multiple power supplies supplying power to multiple
loads.

Inblock 406, a solid-state power controller (SSPC) matrix
is controlled to connect the determined loads with the deter-
mined number of power supplies to supply the loads with the
correct power levels. The matrix comprises multiple stages of
SSPCs, where each stage includes multiple SSPCs, each hav-
ing a power input connected to a separate power supply and a
power output connected to the same load. The SSPCs may be
bi-directional SSPCs to permit current flow from an output-
to-input direction to route power around failed circuitry, such
as failed SSPCs.

Inblock 408, power characteristics, such as current, output
from the SSPCs is detected. The power characteristics may be
supplied to a PMAD controller, which may control the power
supplies and the SSPCs based on the detected power charac-
teristics in block 410. As discussed above, a PMAD controller
may adjust a reference voltage to power supplies based on the
sensed power characteristics to adjust the power output from
the power supplies to achieve load sharing between the power
supplies.

In embodiments of the present invention, a matrix of solid-
state power controllers (SSPCs) is used to dynamically sup-
ply a plurality of loads with power form a plurality of power
supplies. The loads that receive power, and the amount of
power received at each load, is adjusted by turning on and off
SSPCs of the matrix and controlling power supplies output.
Accordingly, one load may receive power from one power
supply or from multiple power supplies. In addition, multiple
loads may receive power from one power supply or from
multiple power supplies. By controlling the SSPCs that are
turned on and off, a power management and distribution
(PMAD) controller can isolate faulty power supplies and
faulty loads, while continuing to provide power to functional
power supplies and loads. In addition, by controlling the
SSPCs that are turned on and off, the PMAD controller can
re-route power around faulty SSPCs to provide powerto loads
even when one or more SSPCs in the matrix is turned off,
incapable of reliably providing power, or otherwise faulty.

In embodiments of the invention, the PMAD controller
may include software and hardware to detect faults in a power
supply, in SSPCs and in loads. For example, the PMAD
controller may detect a faulty power supply or faulty load by
detecting power characteristic levels outside predetermined
thresholds via sensor signals from the power supply or from
SSPCs electrically connected to the power supply or load.
Likewise, the PMAD controller may detect faults in SSPCs
based on power characteristic levels from power sensors in
the SSPCs that are outside predetermined thresholds.

While the invention has been described in detail in connec-
tion with only a limited number of embodiments, it should be
readily understood that the invention is not limited to such
disclosed embodiments. Rather, the invention can be modi-
fied to incorporate any number of variations, alterations, sub-
stitutions or equivalent arrangements not heretofore
described, but which are commensurate with the spirit and
scope of the invention. Additionally, while various embodi-
ments of the invention have been described, it is to be under-
stood that aspects of the invention may include only some of
the described embodiments. Accordingly, the invention is not
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to be seen as limited by the foregoing description, but is only
limited by the scope of the appended claims.

The invention claimed is:

1. A power management and distribution (PMAD) system,
comprising:

first and second power supplies;

first and second loads;

a matrix of solid state power controllers (SSPCs) con-
nected between the first and second power supplies and
the first and second loads, the matrix configured to selec-
tively supply each of the first and second loads with a
plurality of different power levels based on on/off states
of the SSPCs of the matrix; and

a PMAD controller configured to control each of the
SSPCs of the matrix to selectively output a predeter-
mined voltage to each of the first and second loads,
wherein each of the SSPCs of the matrix includes a
current sensor configured to output a sensed current to
the PMAD controller, the PMAD controller is config-
ured to adjust a power output from the first and second
power supplies based on the sensed current received
from the SSPCs of the matrix, wherein the PMAD con-
troller is configured to sum the sensed current from all of
the SSPCs of the matrix to generate a summed sensed
current, divide the summed sensed current by a number
of' power sources predetermined to deliver power to gen-
erate a reference voltage modification signal, and to
adjust areference voltage supplied to the first and second
power supplies based on the reference voltage modifi-
cation signal.

2. The PMAD system of claim 1, wherein the matrix com-

prises:

first and second stages of solid state power controllers
(SSPCs), the first stage of SSPCs including a first SSPC
having a power input connected to the first power supply
and a power output connected to the first load and a
second SSPC having a power input connected to the
second power supply and a power output connected to
the first load, and the second stage of SSPCs including a
third SSPC having a power input connected to the first
power supply and a power output connected to the sec-
ond load and a fourth SSPC having a power input con-
nected to the second power supply and a power output
connected to the second load.

3. The PMAD system of claim 2, further comprising:

a third power supply;

a third load; and

a third stage of SSPCs, the third stage of SSPCs including
a fifth SSPC having a power input connected to the first
power supply and a power output connected to the third
load, a sixth SSPC having a power input connected to the
second power supply and a power output connected to
the third load, and a seventh SSPC having a power input
connected to the third power supply and a power output
connected to the third load,

wherein the first stage of SSPCs includes an eighth SSPC
having a power input connected to the third power sup-
ply and a power output connected to the first load, and

the second stage of SSPCs includes a ninth SSPC having a
power input connected to the third power supply and a
power output connected to the second load.

4. The PMAD system of claim 1, wherein the first and
second power supplies are DC-DC converters configured to
each receive as a power input a first DC voltage and to each
output substantially a second DC voltage different from the
first DC voltage.
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5. The PMAD system of claim 1, wherein the PMAD
controller is configured to determine a number of loads to
receive power and a level of power to be received by the loads
determined to receive the power and to control each of the
SSPCs of the matrix to deliver the determined level of power
to the loads determined to receive the power.

6. The PMAD system of claim 1, wherein the PMAD
controller is configured to detect at least one of a faulty power
supply and a faulty load and to control the SSPCs of the
matrix to prevent the supply of power to the faulty load or
isolate a faulty power supply.

7. The PMAD system of claim 1, wherein the PMAD
controller is configured to detect a faulty SSPC of the matrix
and to control the SSPCs of the matrix to bypass the faulty
SSPC to supply power to the first and second loads.

8. A power management and distribution (PMAD) control-
ler of a matrix-based PMAD system, comprising:

a summing amplifier configured to receive as inputs first
and second sensed current signals from first and second
solid state power controllers (SSPCs) of an SSPD matrix
between a plurality of power supplies and a plurality of
loads;

a reference voltage modification circuit configured to
receive as an input a summed sensed current signal from
the summing amplifier and to output to first and second
power supplies among the plurality of power supplies
first and second reference voltage modification signals
to modify a voltage output from the first and second
power supplies.

9. The PMAD controller of claim 8, wherein the reference

voltage modification circuit comprises:

a summed sensed current signal divider configured to
divide the summed sensed current signal by a number of
power sources of the matrix-based PMAD system deter-
mined to deliver power to generate an average current
signal; and

first and second summing circuits configured to generate
first and second difference current signals by summing
the average current signal with the first sensed current
signal and the second sensed current signal, respectively.

10. The PMAD controller of claim 9, wherein the reference
voltage modification circuit further comprises:

third and fourth summing circuits configured to generate
the reference voltage modification signals by summing
the first and second voltage bias signals, respectively,
with a reference voltage.

11. The PMAD controller of claim 10, further comprising:

first and second proportional integral (PI) circuits to deliver
voltage biased signals to the third and fourth summing
circuits.

12. A method of controlling a matrix-based power man-

agement and distribution (PMAD) system, comprising:
determining a number of loads among a plurality of loads
to receive power;

determining a level of power to be received by the loads
determined to receive the power; and

controlling a matrix of solid-state power controllers
(SSPCs) connected between a plurality of power sup-
plies and the plurality of loads to deliver the determined
level of power to the loads determined to receive the
power, wherein controlling the matrix of SSPCs com-
prises:

receiving, by a PMAD controller, first and second current
sensor signals from first and second SSPCs, the first and
second SSPCs connected to at least one load among the
plurality of loads;
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controlling a power output from the plurality of power
supplies to the matrix of SSPCs based on the first and
second current sensor signals;

summing, by the PMAD controller, the first and second

current sensor signals;

dividing a summed current sensor signal value by the num-

ber of power sources determined to deliver power to
generate an average current signal;
generating first and second difference current signals based
on combining the average current signal with the first
and second sensed current signals, respectively;

generation first and second voltage bias signals based on
the first and second difference current signals, respec-
tively, and a reference voltage signal; and

controlling the power output from the plurality of power

supplies based on the first and second adjusted reference
voltage signals.

13. The method of claim 12, wherein determining the num-
ber of loads to receive power includes determining a single
load among the plurality of loads is to receive power,

determining the level of power to be received by the single

load includes determining that a power of at least two
power supplies is to be received by the single load, and
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controlling the matrix of SSPCs comprises:

turning on a first SSPC among the matrix of SSPCs having
a power input connected to a first power supply among
the plurality of power supplies;

turning on a second SSPC among the matrix of SSPCs
having a power input connected to a second power sup-
ply among the plurality of power supplies, each of the
first and second SSPCs having a power output connected
to the single load.

14. The method of claim 12, wherein determining the num-
ber of loads to receive power includes determining that at
least two loads among the plurality of loads is to receive
power, and

controlling the matrix of SSPCs comprises:

turning on at least two SSPCs among the matrix of SSPCs,

each of the at least two SSPCs having a power input
connected to a different power supply and each of the at
least two SSPCs having a power output connected to a
different one of the at least two loads.
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